Introduction
Glyphosate (N-(phosphonomethyl)glycine, C3H8NO5P) is a well-known herbicide. The commercial product, Roundup ® marketed by Monsanto, is the most frequently used formulation all around the world due to its high weed and vegetation control in several culture types, while it is nonselective, post-emergent and has low toxicity. 1 Although there is no established consensus about the toxicity degree of glyphosate in the environment, its frequent use in agricultural, industrial or domestic areas; strong retention by soil colloids and high solubility in water can result in significant environmental impact.
2,3 According Songa et al. 4 and Jan et al. 5 its residue can be found in soil, the atmosphere, agricultural products and ground water. Recently, the risks associated with the use of glyphosate have been revised, and suggest that glyphosate may pose a significant toxic threat to some native amphibians species. 6 Therefore, given the widespread use of glyphosate in agriculture, forestry, and home-use sectors, its monitoring and control is very important, especially in an aquatic environment. [7] [8] [9] [10] Analytical methods have been reported for the quantitative determination of glyphosate in water and other environmental matrices; these methods are based on thin-layer chromatography, 11 capillary electrophoresis, 3 gas chromatography, 8, 12, 13 liquid chromatography, [14] [15] [16] luminescence, 17, 18 visible spectrophotometry 5, 19 or use electrochemical detections 4, 7, 20 or immunosensors. 21 Because the glyphosate molecule does not have chromophore or fluorophore groups in its structure; pre-or postcolumn derivatization has usually to be employed in liquid chromatographic determinations; however, direct detection at 195 nm is possible. 22, 23 The official method 23 for glyphosate determination in water applies high-performance liquid chromatography (HPLC) with postcolumn derivatization, and fluorescence detection. In general, the derivatization procedures require several stages to improve the resolution and selectivity, but their major drawbacks are a laborious clean-up procedure, a lower reproducibility and problems arising from the stability of the generated products. 7, 8 Glyphosate is also a highly polar compound, resulting in additional difficulty in reversed-phase chromatographic separation procedures. However, there are effective solutions (e.g. HILIC mode, or multicomponent gradient elution) being developed to overcome these difficulties; these solutions often result in a more complex and a more costly experimental set up. In this context, sample screening methods present various advantages.
These sample screening methods refer to expeditious analytical methodologies that are designed to select from an initial set of samples, those that are above a pre-set concentration level in a simple, fast and reliable way. Only those samples that provide a positive response should be further processed in a more complex and expensive analytical method.
The flow-based analytical systems proposed since 1975 have reached large proportion in the environmental research area. The vast acceptance is probably due the possibility to develop analytical methods with increased precision, along with low equipment costs. Moreover, the utilization of a closed-flow circuit minimizes the risk of contamination with reduced reagent and sample consumption; these characteristics are important in the development of environmental-friendly analytical procedures. 24 However, for the determination of glyphosate, flow-injection methods are uncommon. Adcock et al. 18 developed A simple screening method was developed for the determination of glyphosate in water samples using a multi-pumping flow system. The proposed method is based on the reaction between glyphosate and p-dimethylaminocinnamaldehyde (p-DAC), in an acid medium where the reaction product can be measured spectrophotometrically at λmax = 495 nm. An experimental design methodology was used to optimize the measurement conditions. The proposed method was applied to the determination of glyphosate in water samples in a concentration range from 0.5 to 10 μg mL -1 . The limit of detection and quantification were 0.17 and 0.53 μg mL -1 , respectively. The results obtained (88.5 to 104.5%) in recovery studies for the determination of glyphosate in different water samples indicated good accuracy and no matrix effect for the developed method. Samples were also analyzed by a confirmatory HPLC method, and agreement within the two set of results was found. a flow-injection reversed-flow chemiluminescence method based on the reaction between glycine and tris(2,2′-bipyridyl)-ruthenium(II). The reagent was chemically generated using a lead dioxide recirculating system. The method was successfully applied to the determination of the analyte and its mono-isopropylamine salt in commercial formulations. Recently, Colombo and Masini 25 published a sequential injection method for the fluorometric determination of glyphosate based on the adaptation of the postcolumn derivatization reaction between glycine and o-phthaldialdehyde in the presence of 2-mercaptoethanol, applicable to soil and sediment samples.
Multi-pumping flow systems (MPFS) 26 represent a new tendency in miniaturization within flow-based analytical methods. In MPFS micro-pumps are used and can be operated individually or in a combined form to perform the insertion and transport of solutions. 27 Some of the most important characteristics of this procedure are the achievement of pulsed flow conditions in the turbulent flow regime and the straight-forward implementation of a binary sampling technique contributing to a faster and more efficient mixing between the solutions, as well as a consequent improvement of the method sensitivity due to a lower dispersion effect. 28 In spectrophotometric measurements, an additional approach can also be exploited to increase the analytical sensitivity; the use of an increased optical path length flow cell enhances the sensitivity due to an increase in the number of absorbent species that can interact with a beam of radiation. 29 Using this liquid waveguide capillary cell (LWCC) in combination with flow methods has proved to be advantageous in achieving the low detection limits required for trace analysis, that along with molecular spectrophotometric methods were difficult to reach before. 30, 31 The aim of the present work was to develop a simple and environmental friendly screening method for the determination of glyphosate in water samples using a multi-pumping flow system. The proposed method is based on the reaction between glyphosate and p-dimethylaminocinnamaldehyde (p-DAC), in an acid medium where the reaction product can be measured spectrophotometrically at λmax = 495 nm. Experimental design methodologies were used to optimize the measurement conditions.
The proposed method was applied to the determination of glyphosate in environmental water samples.
Experimental

Reagents and solutions
All reagents employed in this study were of analytical grade, and were used without previous purification. In preparing the solutions, ultrapure (18 MΩ cm) water obtained in a Milli-Q purification system (Millipore, RO15) was used. Glyphosate standard solutions were prepared from a solid purchased from Sigma-Aldrich (96% purity). Working standard solutions of glyphosate, in the range of 0.5 to 10 μg mL -1 , were prepared by appropriate dilution of the stock solution (50 μg mL -1 ). These solutions were kept for no more than 1 week.
The effect of foreign species was studied as follows: various concentrations of the compounds were added to a standard solution of glyphosate (4 μg mL -1 ). CuCl2 (BDH Reagents & Chemicals, 1000 μg mL -1 ), MnCl2 (Sigma-Aldrich, 99%), Fe(NO3)3, Al(NO3)2 and Zn(NO3)2 (Fluka, 1000 μg mL -1 ) were used to study as cationic interferents in the concentration range 5 to 300 μg L -1 . K2SO4 (Riedel-de Haën, 99%), NaHCO3 (Merck, 99.5%), Na2B4O7 (Merck, 99.5%), C6H5Na3O7 (Riedel-de Haën, 99.5%), KH2PO4 (Riedel-de Haën, 99.5%) and NaNO3 (Sigma-Aldrich, 99.5%) were used to study anionic interferents in the concentrations range 10 to 600 μg mL -1 , while NaNO2 (Riedel-de Haën, 99%) was used in the concentration range 40 to 1000 μg L -1 . Other interferents containing amine groups were studied in the form of ethylendiamine (Merck, 99%) and dibuthylamine (Merck, 99%) in a concentration range similar to that of the nitrite. The pesticide glufosinate (Fluka) and the metabolite aminomethylphosphonic acid (AMPA) (Aldrich, 99%) were studied in the concentration range 0.5 to 10 μg mL -1 .
Apparatus
Three solenoid micro-pumps (one 120SP1210 and two 120SP1220, Bio-Chem Valve Inc.) were used in the manifold. Absorbance measurements at 495 nm were carried out with a spectrophotometer (USB 4000 UV-Vis, Ocean Optics) coupled via optical fibers (600 μm diameter) to a liquid waveguide capillary cell (LWCC) with a flow path of 100 cm (inner volume, 250 μL) and to a light source (halogen lamp, LS-1-LL, Ocean Optics).
The flow set-up was built using polytetrafluoroethylene tubing (0.8 mm i.d.); lab-made X-type confluence and connectors were also used.
System operation for processing of the involved solutions was computer controlled (PCL 711 Advantech interface card) using lab-developed Software in Microsoft Quick Basic 4.5. Data acquisition was performed using the Ocean Optics SpectraSuit Software.
Procedure
A multi-pumping flow system was designed with three micro-pumps (P1, P2, P3) for insertion and propulsion of the involved solutions (Fig. 1) . The sequence of pump operation is summarized in Table 1 . Initially, micro-pumps P1 and P3 were actuated to insert reagent and sample solutions, respectively. A binary sampling mode was used for the insertion of aliquots of these solutions. Therefore, when micro-pump P1 was maintained on (off), micro-pump P3 was switched off (on). After insertion of the selected volume, the solutions were transported to the reactor where the flow was stopped during a predefined period of time. In the next step, while micro-pumps P1 and P3 were maintained off, micro-pump P2 was actuated to insert a carrier stream and transport the reaction mixture through the detector flow cell where the transient signal of absorbance was registered. The signal magnitude is proportional to the glyphosate concentration. After registering the absorbance maximum, the flow system is switched back to its initial position, starting another cycle.
Reference/confirmational method
An HPLC method with precolumn fluorogenic labeling was used as a reference (confirmational) procedure. This procedure involves a derivatization step with 9-methylchloroformate (FMOC-Cl) yielding fluorescent derivates and their separation on a revered-phase column. A derivatization procedure was carried out as described by Le Bot et al., 32 including an additional acidification step to release glyphosate, as suggested by Ibáñez et al. 33 The HPLC (Jasco, manual injector, PU-2080 pump and FP-2020Plus fluorometric detector) conditions were as follows: isocratic separation on an amino-functionalized column (Phenomenex, Luna 5 μ NH2 100A, 250 × 4.6 mm), mobile phase 55:45 phosphate buffer (1.5%, pH 5. 
Experimental design
After the identification of significant parameters, the variables were optimized by multivariate analysis using a fractionary factorial design (2 ) to obtain the optimum analysis conditions. 34 The study of variables involved in the reaction were the reactor length, pulse number and time interval of solenoid-pump actuation (for sample, reagent and carrier solutions), p-DAC and HCl concentrations and stopped-flow period. The design of the matrix was performed using Minitab software, and optimization graphs were constructed using Statistica 8.0 software.
Water samples
Drinking water was purchased from a local supermarket. Natural water samples were collected from rivers and springs in the region of north of Portugal, filtered through 0.45 μm micro pore membrane, and stored in a refrigerator at 4 C in polyethylene flasks. For recovery studies, the water samples were spiked with 2, 4, 6 μg mL -1 of the glyphosate standard solution.
Results and Discussion
There is a secondary amine group in the glyphosate molecule, which can react with p-DAC in an acid medium. The reaction between primary or secondary amines and p-DAC is assumed to take place via condensation of the protonated amino group with the carbonyl group of the reagent to produce an imminium salt. The probable mechanism for this reaction is shown in Fig. S1 (Supporting Information), which is based on reactions suggested in the literature.
35-37
Optimization of variables The optimization was developed by multivariate analysis where a factorial design (2 9-5 ) was employed to obtain the maximum response in sensitivity for the proposed method. The variable screening involved in the reaction was used to determine the influence for each variable effect on the analytical signal. In this design, the variables of interest were: reactor length, 100 and 190 cm; pulse interval of the carrier stream solution, affecting the flow rate of the carrier stream, 1 and 2 s; pulse number of the carrier stream, affecting the volume of the carrier stream introduced and the cleaning of the system, 40 and 80 pulses; pulse interval of the reagent and sample solutions, affecting the flow rate of the introduced solutions, 1 and 2 s; pulse number of the reagent and sample solutions, affecting the total volume of the reagent and sample solution, 10 and 20 pulses; concentration of p-DAC, 30 and 60 μg mL Table S1 (Supporting Information).
For realization of this experimental design, 16 experiments were Binary sampling, introduction of the sample and reagent solutions Stop flow for 180 s Transport of the reaction mixture to the flow cell and signal registration Fig. 2 Pareto chart for visualizing the effects produced by the variables studied using a 2 factorial design.
necessary, with three replicates, using a randomized matrix to eliminate any environmental variation. The Pareto chart (Fig. 2) showed graphical presentation for the effects produced by the studied variables. This indicated that the variables with no significant effects were the reactor length, pulse interval for the reagent and sample solutions, number pulse of the carrier stream and HCl concentrations, because their influences on the analytical signal magnitudes were smaller than 5%. 38 Therefore, the combination of 80 pulses of the carrier stream, 2 s for the pulse interval of the reagent and the sample solutions, 190 cm of the reactor length, 0.001 mol L -1 of HCl concentration in the reagent solution (solvent) and in the carrier stream were used.
In this MPFS set-up, the variables with more significant effects were the p-DAC concentration, the number of pulses for the reagent and sample solutions, the stopped time period and the pulse interval of the carrier stream. This indicates that any further development of the reaction is limited by the reaction kinetics, and not by insufficient mixing or a too-high dispersion. Regarding the pulse interval for the reagent and sample solutions and the stopped flow period, these were fixed at their level of +1 (20 pulses, 2 s and 180 s, respectively) so as to avoid a low analytical frequency of the system.
It was observed that some combinations of levels between the studied variables promoted a base-line instability and high value of the standard deviation. Figure S2 (Supporting Information) shows a Pareto chart concerning the standard deviation obtained in each experiment (Table S1 ). According to Fig. S2 , the variable with more influence on the standard deviation of the measurements is the HCl concentration in the carrier stream, probably due to inefficient cleaning of the reactor coil between measurements. Therefore, the HCl concentration as the carrier stream solution was fixed at its level of +1 (0.01 mol L -1 ), and the number of pulses of these solutions was fixed at 100.
After the optimal condition of these variables involved in the system were established, the p-DAC concentration, as remaining variable, was studied in a new range (50 to 200 μg mL -1 ) by an univariate design with the aim to increase the method sensitivity. In this study, a better analytical signal was obtained using 200 μg mL -1 of p-DAC; a further increase in the reagent concentration will increase the blank reading (over an absorbance value of 0.600), and therefore shorten the linear response range of the developed method.
Analytical characteristics of the proposed method
The developed analytical method was evaluated in terms of the linear dynamic range, limit of detection (LOD), limit of quantification (LOQ), precision and accuracy. 34 The repeatability was evaluated by employing ten inter-day and intra-day replicate measurements from a 4 μg mL -1 standard solution, whose variation coefficients were 6.4 and 7.1%, respectively. These results of precision can be considered to be acceptable, according to González-Martinez et al. 21 
Analytical curve, LOD and LOQ
In this study, a linear relationship (Fig. S3 , Supporting Information) was observed between the absorbance and the concentration (μg mL -1 ). By using a long optical path length flow cell in this MPFS it was possible to obtain an analytical curve in the concentration range from 0.5 to 10 μg mL -1 for glyphosate. A least-squares treatment of the calibration data (n = 6) yielded the regression equation y = 0.1177(±0.0065) + 0.05509(±0.0011)× C, with a correlation coefficient of 0.9992.
The LOD and LOQ were determined according to an IUPAC 39 recommendation: LOD = 3 × (s/S) and LOQ = 10 × (s/S), where s is the standard deviation of the measures referring to the blank (n = 11) and S the slope of the linear dynamic range. The limit of detection and quantification were 0.17 and 0.53 μg mL -1 , respectively. The LOD is consistent with the maximum contaminant level for drinking water in the United States of 0.7 μg mL -1 , 40 and also the concentration of 0.28 μg mL -1 recommended by Health and Welfare Canada in the Canadian Water Quality Guidelines. 40 
Interferences
The 3- , glufosinate and the metabolite AMPA was evaluated. For this study, solutions containing 4 μg mL -1 for glyphosate and each one of the foreign species were taken separately in different ranges of the concentrations. These were analyzed under the same conditions as those described in the recommended procedure. The results showed that the ions Al 3+ , Zn 2+ , PO4
, C6H5O(COO)3 3-can interfere in the reaction if present at concentrations higher than 6 μg mL -1 . The ion NO2
-was studied in the range of 40 to 1000 μg L -1 , and no interferences were observed. Aminomethylphosphonic acid (AMPA) and glufosinate were also studied as possible interferences; within these, only AMPA was found to interfere, and only if present in concentrations over 10 μg mL -1 .
Recovery and sample analysis
To evaluate the efficiency of the proposed method in real samples, this method was applied in the determination of glyphosate in water samples (drinking and natural waters). The results obtained in the determination of glyphosate in the different water samples showed that only one sample presented positive results (2.25 μg mL -1 ) for glyphosate. The other samples studied presented glyphosate concentrations lower than the limit of detection.
In order to evaluate the accuracy and to detect possible interferences from the matrix, recovery assays were carried out. a. Values found are the average of three independent assays (n = 3).
Samples of different water types were spiked with concentrations of 2, 4, and 6 μg mL -1 of glyphosate. Each sample was analyzed three times. The obtained results are shown in Table 2 . The recovery percentages within the range from 88.4 to 104.5% were found, indicating good accuracy and no matrix effect for the developed method. 41, 42 The confirmatory analysis was carried out using the fluorometric precolumn derivatization HPLC procedure. The samples with and without a spike with glyphosate were analyzed in a random order using the developed MPFS method, and by the HPLC procedure. To match the application ranges of the two methods, and to reduce the influence of the sample matrix on the fluorometric derivatization and on the chromatographic separation procedure, 33 the samples were diluted 200 times before the fluorometric derivatization procedure. The samples were analyzed directly, without dilution, using the MPFS. The obtained results are summarized in Table 3 , and indicate that the developed method can be a valuable tool as a fast screening method for the detection of glyphosate at eco-toxicologically relevant concentration levels.
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Conclusions
A simple screening method was developed for the determination of glyphosate in water samples using a multi-pumping flow system. Most of the reactions for the derivatization of amino acid-based analytes are carried out at high pH (>10), causing experimental difficulties when applied to samples of some degree of complexity. The approach presented here was based on a reaction occurring under acidic conditions. Combining the advantages of the multi-pumping flow method and the increased sensitivity spectrophotometric detector, it was possible to develop an analytical system for the determination of glyphosate. Good accuracy and no matrix effect was found for the developed procedure, indicating that the method can be a valuable tool as a fast screening method for the detection of glyphosate at eco-toxicological concentration levels. 
